The liver has an exceptional replicative capacity following partial hepatectomy or chemical injuries. Cellular proliferation requires increased production of energy and essential metabolites, which critically depend on the mitochondria. To determine whether Top1mt, the vertebrate mitochondrial topoisomerase, is involved in this process, we studied liver regeneration after carbon tetrachloride (CCl 4 ) administration. TOP1mt knockout (KO) mice showed a marked reduction in regeneration and hepatocyte proliferation. The hepatic mitochondrial DNA (mtDNA) failed to increase during recovery from CCl 4 exposure. Reduced glutathione was also depleted, indicating increased reactive oxygen species (ROS). Steadystate levels of ATP, O 2 consumption, mtDNA, and mitochondrial mass were also reduced in primary hepatocytes from CCl 4 -treated KO mice. To further test whether Top1mt acted by enabling mtDNA regeneration, we tested TOP1mt KO fibroblasts and human colon carcinoma HCT116 cells and measured mtDNA after 3-d treatment with ethidium bromide. Both types of TOP1mt knockout cells showed defective mtDNA regeneration following mtDNA depletion. Our study demonstrates that Top1mt is required for normal mtDNA homeostasis and for linking mtDNA expansion with hepatocyte proliferation.
The liver has an exceptional replicative capacity following partial hepatectomy or chemical injuries. Cellular proliferation requires increased production of energy and essential metabolites, which critically depend on the mitochondria. To determine whether Top1mt, the vertebrate mitochondrial topoisomerase, is involved in this process, we studied liver regeneration after carbon tetrachloride (CCl 4 ) administration. TOP1mt knockout (KO) mice showed a marked reduction in regeneration and hepatocyte proliferation. The hepatic mitochondrial DNA (mtDNA) failed to increase during recovery from CCl 4 exposure. Reduced glutathione was also depleted, indicating increased reactive oxygen species (ROS). Steadystate levels of ATP, O 2 consumption, mtDNA, and mitochondrial mass were also reduced in primary hepatocytes from CCl 4 -treated KO mice. To further test whether Top1mt acted by enabling mtDNA regeneration, we tested TOP1mt KO fibroblasts and human colon carcinoma HCT116 cells and measured mtDNA after 3-d treatment with ethidium bromide. Both types of TOP1mt knockout cells showed defective mtDNA regeneration following mtDNA depletion. Our study demonstrates that Top1mt is required for normal mtDNA homeostasis and for linking mtDNA expansion with hepatocyte proliferation.
liver regeneration | mitochondrial topoisomerase I | cell proliferation | mitochondrial DNA replication | mitochondrial homeostasis I ndividual cells contain hundreds to thousands of copies of mitochondrial DNA (mtDNA), which are essential for cellular metabolism because each mtDNA molecule encodes 13 indispensible genes (that complement the 153 nuclear encoded genes) involved in mitochondrial electron transport and ATP production (for review, see ref. 1) . Given that mtDNA exists as small circular doublestranded DNA molecules (16, 569 bp) with bidirectional replication and transcription, and is organized in nucleoids that are anchored to the mitochondrial inner membrane, topoisomerases are required for mtDNA replication and transcription.
Type IB topoisomerases are ubiquitous enzymes that dissipate the DNA topological stress generated during replication and transcription by rapidly and reversibly breaking and rejoining the phosphodiester DNA backbone (for review, see refs. 2-4). They act both in the nucleus and in mitochondria (5), but each compartment has its own enzyme: Top1mt being mitochondrial-specific (6) and topoisomerase I (Top1) nuclear-specific (6, 7) . In addition to its roles in regulating mtDNA replication (8) , transcription (9) , and mtDNA integrity (10), Top1mt participates in mitochondrial functions. Indeed, murine embryonic fibroblasts (MEFs) generated from TOP1mt KO mice have mitochondrial defects, including excessive reactive oxygen species (ROS) production and altered polarization of mitochondrial membranes (11) .
Regulation of mtDNA copy number is crucial to maintain mitochondrial function and ATP production during cell proliferation (12) . The liver has an exceptional proliferative capacity; it can rapidly regenerate its mass both in human and animals after partial hepatectomy or viral or chemical injuries (13) (14) (15) . Liver regeneration is also key to successful partial liver transplantations from living donors (small-for-size liver transplants) (for review, see ref. 14) . A common and convenient model to study liver regeneration is carbon tetrachloride (CCl 4 ) exposure. CCl 4 is one of the most potent hepatotoxins. It is widely used to evaluate antioxidant agents, mechanisms of hepatic injury, pathogenesis of cirrhosis, and liver regeneration. CCl 4 is metabolized in the liver by cytochrome P450 2E1 (CYP2E1) to trichloromethyl radical (CCl 3 *), which initiates free radical-mediated lipid peroxidation. Accumulation of lipid-derived oxidative products then causes liver injury (16) . This damage triggers the activation and coordination of multiple intracellular and intercellular pathways to regenerate the liver mass and meet the metabolic needs of the organism (13, 14, 16) . Notably, hepatocytes are packed with mitochondria.
To address the role of mtDNA in liver regeneration, we took advantage of the fact that mice lacking TOP1mt are viable (5, 11, 17) . We suspected that Top1mt might play a role in liver regeneration because we recently uncovered a critical role for TOP1mt in maintaining mtDNA homeostasis and mitochondrial function in adaptive response to doxorubicin-induced cardiotoxicity (17) . Indeed, the cardiomyocytes of TOP1mt KO mice exhibit pronounced mtDNA damage, and fail to maintain respiratory chain protein production and mitochondrial cristae
Significance
The liver is rich in mitochondria and has an exceptional regenerative capacity after partial hepatectomy or transplantation, viral infections, or chemical injuries; however, relatively little is known about the genetic factors for mitochondrial DNA (mtDNA) replication during liver regeneration. Here, we show that liver regeneration is markedly reduced in mice lacking mitochondrial topoisomerase I (TOP1mt). This defect is linked with reduced production of mtDNA and defective mitochondrial functions during acute energy demand for liver regeneration. Additionally, TOP1mt KO primary hepatocytes from CCl 4 -treated mice showed reduced and damaged mitochondria, decreased O 2 consumption, and ATP production. Together with mtDNA depletion and regeneration experiments with ethidium bromide, these results demonstrate that Top1mt is required for mtDNA synthesis and appropriate liver regeneration.
ultrastructure organization, resulting in decreased O 2 consumption, increased ROS production, and severe heart muscle damage (17) . In the present study, we show that Top1mt is critical for mtDNA synthesis and appropriate cell proliferation to meet the massive energy demand during liver regeneration after CCl 4 injury. (Fig. 1A) .
Results
Following CCl 4 injection, liver regeneration is known to cause a rapid increase in liver weight (18) . To evaluate the changes in liver mass, the ratio of liver to body weight was used to avoid any bias between animals having different body weights. No difference was observed between WT and TOP1mt KO mice after olive oil injection (Fig. 1B) , which is consistent with the fact that TOP1mt-deficient mice are normal in size. By contrast, administration of CCl 4 resulted in a marked difference in liver to body weight between WT and TOP1mt KO mice. Two days after CCl 4 injection, liver to body weight increased by 35% in WT animals, whereas this increase was only 10% in the TOP1mt KO mice (Fig. 1B) . This difference was liver-specific because body weights after CCl 4 injection were the same for the WT and TOP1mt KO mice (both losing approximately 6% of their original weight; Fig. S1 ).
Because CCl 4 induces necrosis in the centro-lobular zones of the hepatic lobules (reviewed in ref. 14) , sections of the liver tissue were analyzed after H&E staining ( Fig. 1 C and D) . Two days after treatment, areas of necrosis around the central vein (CV) were similar in WT and TOP1mt KO mice. This result was paralleled by a sharp and comparable release into blood of alanine aminotransferase (ALT), a sensitive indicator of hepatocyte integrity. Transaminases that catalyze the transfer of the amino group (−NH2) of an amino acid to a carbonyl compound are abundant in the hepatocytes and very low in the blood. Upon hepatocyte damage, the enzymes are released into the bloodstream. In both WT and KO mice, ALT levels increased ∼15-fold after 2 d of recovery and returned to the basal levels at day 4 ( Fig. S2 ). By this time, almost all necrotic areas in WT mice were cleared and replaced by regenerating parenchyma (Fig. 1C) . Notably, the remaining necrotic and inflamed areas still persisted at day 4 after recovery in TOP1mt KO mice (Fig. 1C) .
To determine whether Top1mt affects cellular proliferation during liver regeneration, we used two classical biomarkers: Ki-67 and PCNA (proliferating cell nuclear antigen). Ki-67 staining revealed that TOP1mt KO mice were unable to elicit an adequate proliferative response to CCl 4 -mediated liver tissue injury ( Fig. 1E) , demonstrating that the fraction of proliferating cells was significantly reduced in the TOP1mt KO mice. After 2 d, more than 70% of WT hepatocytes were Ki-67-positive compared with less than 40% in TOP1mt KO livers (Fig. 1F ). In support of these results, CCl 4 treatment also induced a stronger PCNA expression in WT mice 2 d after CCl 4 injection ( Fig. 1 G and H) . Notably, both the Ki-67 staining and PCNA expression decreased progressively in WT mice 4 d after injury, reflecting a successful completion of liver regeneration. In contrast, both proliferative markers were expressed at higher levels in TOP1mt KO mice 4 d after injury, indicative of a delayed liver regeneration in the absence of Top1mt (Fig. 1 C-H) . Together, these results demonstrate that genetic deletion of TOP1mt does not affect the extent of the initial tissue damage but leads to attenuated hepatocyte replication and delayed liver regeneration.
Top1mt Enables mtDNA Expansion During Liver Regeneration. Dividing cells have to be metabolically balanced to respond to energy demand (11, 19) . Fig. 2A shows that 2 and 4 days after CCl 4 administration, mtDNA copy number [relative to nuclear DNA per cell normalized to the housekeeping nuclear gene β2 microglobulin (β2m)] was significantly reduced in KO mice (approximately 20% loss), whereas under the same conditions, matched WT siblings showed a slight increase in mtDNA copy number. Southern blot analysis also showed loss of liver mtDNA in KO mice (Fig. 2B) . Mitochondrial DNA copy number is tightly regulated in a cell-and tissue-specific manner (20, 21) . The decrease of mtDNA copy number observed in TOP1mt KO mice suggests that during acute hepatocytes proliferation, Top1mt is required for the appropriate expansion of mtDNA in the daughter cells.
Because mtDNA is packaged in nucleoids attached to the inner mitochondrial membrane near the respiratory chain proteins, the source of ROS, we tested whether mtDNA deficiency in TOP1mt KO mice was associated with changes in reduced glutathione (GSH), the main quencher of ROS. Administration of CCl 4 significantly depleted the hepatic GSH levels (by 25%) both in WT and TOP1mt KO mice at day 2 after treatment ( Fig.  2C) , which is consistent with the reports that CCl 4 metabolism releases free radicals causing acute GSH depletion (22) . Four days after treatment, the level of GSH in WT mice completely recovered and reached the basal level, whereas GSH remained low in TOP1mt KO mice (Fig. 2C) , indicating the persistence of ROS in TOP1mt KO mice.
Because mtDNA alterations lead to respiratory chain defects, we assessed the enzymatic activities of the mitochondrial complexes IV and complex I in isolated mitochondria from liver tissue. All activities were normalized to the Krebs cycle enzyme citrate synthase (control for the amount of mitochondria used to measure the activity of each complex; Fig. S3 ). Fig. 2 D and E show that the activities of complexes IV and I were decreased by 45% and 75%, respectively, in TOP1mt KO mice at day 4 after CCl 4 treatment. We also tested the expression of the nuclearencoded respiratory chain protein, COX4, which is part of the oxidative chain phosphorylation complex IV. CCl 4 markedly decreased the steady-state levels of COX4 in TOP1mt KO livers, consistent with the fact that respiratory chain proteins that fail to assemble in stable complexes are quickly degraded (23) (Fig. S4) . However, ATP5A, a component of complex V, which is assembled even in the complete absence of mitochondrial protein synthesis (24) , remained unaffected in both WT and TOP1mt KO mice (Fig.  S4) . These mitochondrial defects were accompanied by a slight increase in caspase-3 cleavage, indicative of apoptosis in TOP1mt KO mice at day 4 (Fig. S5A) . Marked liver damage was also observed by increased Oil Red O staining in TOP1mt KO-regenerating livers 4 d after CCl 4 injection (Fig. S5B) Because primary hepatocytes allow direct biochemical analyses, we isolated hepatocytes by a two-step collagenase perfusion followed by Percoll purification (25) . Cells were harvested 4 d after CCl 4 exposure and cultured for 24 h to allow reconstitution of cell polarity and function before analyses (26) . The yield of viable TOP1mt-deficient hepatocytes was decreased more than twofold compared with the matched WT cells (Fig. S6) , which is consistent with the reduced proliferation ( Fig. 1 E and F) and more extensive hepatocyte damage (Fig. S5B ) observed in the regenerating liver of the TOP1mt KO mice.
Measurement of mtDNA confirmed copy number deficiency in the primary hepatocytes from the CCl 4 -treated KO mice ( Fig.  3A ; consistent with Fig. 2 A and B) . Steady-state levels of intracellular ATP were also markedly reduced (threefold lower in KO than for WT hepatocytes; Fig. 3B ). Because defective ATP production due to dysfunctions of mitochondrial oxidative phosphorylation (OXPHOS) induces a compensatory increase in aerobic glycolysis, we analyzed the oxygen consumption rate (OCR, a measure of OXPHOS) and the extracellular acidification rate (ECAR, a measure of lactate production and glycolysis) (Fig. 3 C-E) . Hepatocytes from KO-treated mice showed significantly lower basal OCR (Fig. 3C) , indicating impaired mitochondrial respiration (Fig. S7) . ECAR levels were elevated in both WT and KO hepatocytes from treated mice compared with untreated mice (Fig. 3D ). Fig. 3E shows similar metabolic profiles for the hepatocytes from untreated WT and KO mice. However, the metabolic profiles of the WT and KO hepatocytes from CCl 4 -treated mice were different. WT hepatocytes showed robust glycolytic and respiratory activities, which is consistent with high metabolic activity to support liver regeneration, whereas the KO hepatocytes displayed a marked reduction in OCR and high ECAR, indicative of their reliance on glycolysis for energy production.
Transmission electron microscopy was performed to assess the ultrastructure and density of mitochondria in the primary hepatocyte cultures (Fig. 3 F and G and Fig. S8 ). There were no obvious differences in the number and ultrastructure of mitochondria in primary hepatocytes isolated from the untreated WT and TOP1mt KO livers. However, in the hepatocytes from CCl 4 -treated mice, we observed that the KO hepatocytes displayed a significant reduction in mitochondrial density compared with the corresponding WT heptatocytes (Fig. 3F) . In addition, the KO hepatocytes showed signs of a more extensive structural damage. The most obvious were changes in the appearance of mitochondrial cristae and disorganization and dilation of endoplasmic reticulum and frequent lipid droplets (Fig. 3G and Fig. S8 ). The accumulation of more progressive ultrastructural alterations in TOP1mt KO cells exposed to CCl 4 could contribute to the low yield of viable hepatocytes (Fig. S5) and diminished functional performance. These data show that loss of Top1mt reduces the fitness and adaptive responses of hepatocytes.
Top1mt Supports mtDNA Replication in MEFs and Human Cancer Cells.
Top1mt sites are enriched in mtDNA replication and transcription regulatory regions (8, 27) . Based on our results showing an uncoupling of mtDNA replication and cellular proliferation (Figs. 2 and 3) , we tested whether cells lacking TOP1mt were defective in mtDNA synthesis. We took advantage of the fact that ethidium bromide (EB) selectively depletes mtDNA and that mtDNA recovers within days following EB removal (see protocol; Fig. 4A ) (28, 29) . These results show that mtDNA depletion was similarly effective in WT and TOP1mt KO murine embryonic fibroblasts (MEFs) after a 3-d EB treatment. However, mtDNA copy number recovered at different rates in WT and TOP1mt KO cells. WT MEFs recovered almost 90% of their initial mtDNA compared with 50% in TOP1mt KO MEFs after 9 d of recovery, and it took 15 d to regenerate 90% of mtDNA in the KO MEFs (Fig. 4B) .
To further substantiate the role of Top1mt in mtDNA replication, we generated human colon carcinoma HCT116 cells, in which TOP1mt had been inactivated by using CRISPR/Cas9 (Fig.  S9) . Consistent with the results obtained in the MEFs (11) and hepatocytes ( Fig. 3 C-E and Fig. S7 ), the TOP1mt KO HCT116 cells also displayed a defective mitochondrial respiration (Fig.   S10 ), and delayed mtDNA recovery after EB treatment (Fig. 4C) . These results were reproduced in two TOP1mt KO clones compared with the isogenic HCT116 WT cells (Fig. 4C) . Taken together, these experiments demonstrate the importance of Top1mt for accelerated mtDNA synthesis and mitochondrial function.
Discussion
Diverse tissues have different metabolic profiles because of their inherently different functions. In addition, energy requirements need to be adjusted to physiological or pathological conditions. Hepatocytes are rich in mitochondria, and during liver regeneration, the cellular energy demand for biosynthesis of cellular components increases considerably. Building on the fact that the capacity of the liver to regenerate is correlated with efficient oxidative phosphorylation (OXPHOS) (30), we demonstrate the critical importance of mtDNA synthesis for liver regeneration. Mice lacking the mitochondrial topoisomerase gene TOP1mt are deficient in liver regeneration, due to decreased mtDNA and mitochondrial functions. The molecular mechanisms underlying the role of Top1mt in mtDNA adaptation are demonstrated by experiments showing that cells lacking Top1mt have impaired mtDNA synthesis. During cellular proliferation, mitochondrial mass and mtDNA must expand to provide an appropriate amount to daughter cells. Therefore, the decrease of mtDNA copy number observed in KO mice demonstrates that during acute hepatocytes proliferation, Top1mt is required to expand an appropriate number of mtDNA molecules to the daughter cells (Fig. 5) .
Intact mtDNA is required for the production of the key catalytic subunits of the mitochondrial respiratory chain and, therefore, for ATP production. Here, we show that lack of Top1mt impairs mtDNA copy number expansion, delaying liver regeneration. However, lack of Top1mt was not lethal after CCl 4 exposure, which is consistent with the fact that mtDNA copy number varies among individuals, and that hepatocytes have a surplus of mtDNA. We also demonstrate that mitochondria are defective and ROS accumulate following CCl 4 treatment in the regenerating liver of TOP1mt KO mice. The importance of TOP1mt for mitochondrial regeneration and function are consistent with our recent finding that, in the heart, lack of TOP1mt accentuates mtDNA copy number loss, decreases respiratory chain protein expression levels, damages cristae ultrastructure organization, and increases ROS production after doxorubicin treatment (17) .
Mitochondrial biogenesis occurs by division of preexisting organelles in coordination with cellular proliferation and nuclear DNA replication (12) . Here, we show that Top1mt is required to expand and maintain the relative mitochondrial mass during acute hepatocytes proliferation after CCl 4 administration (Fig.  5) . Mitochondrial biogenesis is also up-regulated to increase energy production during exercise (31) and to compensate for mitochondrial dysfunction and preserve cellular ATP synthesis (32) . In the case of liver regeneration, many studies have shed light on the molecular pathways controlling mitochondrial biogenesis (for review, see refs. 13 and 33). However, until now, the role of TOP1mt in regulating mtDNA copy number was unknown (20) .
Under normal conditions, TOP1mt KO mice do not show significant mtDNA copy number depletion in the heart (17) and liver (current study). Moreover, TOP1mt KO mice exhibit normal life span and reproductive cycle (5). This normal phenotype was initially unexpected (5) because knocking out the other topoisomerases genes results in severe phenotypes. The nonessentiality of TOP1mt is likely due to the compensation of most Top1mt functions by other topoisomerases. Topoisomerases IIα and IIβ have both recently been shown in vertebrate mitochondria (5) as well as Top3α (34, 35) . Under stress conditions [doxorubicin treatment for the heart (17) or CCl 4 administration for the liver (present study)], lack of Top1mt becomes rate limiting by failing to increase mtDNA copy number. Thus, Top1mt appears to be primarily required to sustain acute mtDNA replication under stress conditions. Under such acute mtDNA replication, the compensation by other topoisomerases appears insufficient to appropriately regenerate mtDNA.
Drug-induced liver injuries and successful partial liver transplantations differ across individuals. The present study demonstrates the importance of Top1mt for mtDNA homeostasis during tissue regeneration. Because potentially deleterious genomic variants are present for TOP1mt in the normal population (17) , further studies are warranted to determine whether deleterious genomic variant of TOP1mt and other mitochondrial DNA enzymes, which are all coded in the nucleus contribute to interindividual susceptibilities.
Materials and Methods
Mouse Handling. TOP1mt +/+ (WT) and TOP1mt −/− (KO) mice were generated from heterozygous (TOP1mt +/− ) parents. Each KO mouse had at least one sibling WT as control. Mice were genotyped by PCR using genomic DNA from mice tail tips (5) . Three primers were used as follows: TOP1mt-A (5′-GGTGCTA-GACATTGAACTCAG-), TOP1mt-B (5′-CTGCAAATGGCCTCGTTAGC), and TOP1mt-C (5′-GTCCTGGATTCCATCTTAAGC). KO and WT gave 254-and 306-bp PCR products, respectively (5). Seven-week-old mice were treated with a single i. Immunohistochemistry (Ki-67) and Hematoxylin/Eosin (H&E) Staining. Livers were fixed in 10% (vol/vol) neutral-buffered-formalin. Five-micrometer paraffin sections were stained with anti-Ki-67 (ab16667; Abcam). Details are provided in SI Materials and Methods.
Western Blotting. For detection of PCNA, actin, and respiratory chain proteins, 50 mg of liver tissue were homogenized and lysed in RIPA buffer (89900; Thermo Scientific) supplemented with 0.4 M NaCl and protease inhibitors mixture (Roche Applied Science). Further details are provided in SI Materials and Methods.
Quantification of mtDNA by PCR and Southern Blotting. Analyses were performed in liver tissue, primary hepatocytes, and in human colon carcinoma cells (HCT116) as described in SI Materials and Methods.
ROS Production Measured by Glutathione Assay. ROS production was measured by quantifying reduced glutathione (GSH) in liver tissue. GSH levels Fig. 4 . Delayed mtDNA recovery after EB treatment in TOP1mt knockout cells. Cells were treated with 1 μg/mL EB for 3 d. After washing cell cultures free of EB, mtDNA was quantified at the indicated days. MtDNA copy number in murine embryonic fibroblasts MEFs from knockout (KO) and wildtype (WT) mice (A), and in human colon carcinoma HCT116 cells (WT and TOP1mt KO; Figs. S9 and S10) following EB treatment (B). MtDNA copy number is expressed relative to nontreated cells (set as 1). n = 3, *P < 0.05, unpaired Student's t test. Top1mt allows mtDNA and mitochondrial mass to increase proportionally to support liver regeneration. Lack of Top1mt limits mtDNA replication, leading to decreased mtDNA in daughter cells, reduced mitochondrial mass and ATP production, and delayed liver regeneration.
